ABSTRACT Avian pathogenic Escherichia coli (APEC) causes extensive mortality in poultry flocks, leading to extensive economic losses. To date, little information has been available on the molecular basis of antimicrobial resistance in APEC in Hebei, China. Therefore, the objective of this study was to characterize the virulence and antimicrobial resistance of multidrug-resistant APEC isolated from septicemic broilers at the molecular level. Among 87 nonrepetitive E. coli isolates, 41 (47.1%) carried 3 or more of the APEC virulence genes iroN, ompT, iss, iutA, and hlyF. All 87 APEC isolates showed multidrugresistant phenotypes, particularly against ampicillin, kanamycin, ciprofloxacin, levofloxacin, streptomycin, gentamycin, ofloxacin, norfloxacin, and ceftriaxone. The β-lactamase-encoding genes bla TEM , bla CMY-2 , bla OXA-30 , bla CTX-M-15 , and bla SHV-2 ; the aminoglycosidemodifying enzymes (AME) strA, strB, aph(3 )-IIa, aac(3)-IIa, aac(6 )-Ib, and ant(3 )-Ia; and the plasmidmediated quinolone resistance (PMQR) genes qnrA, qnrB, and qnrS, were also identified in 66 (75.9%), 65 (74.7%), and 6 (6.9%) isolates, respectively. All isolates were evaluated in terms of replicon type. The plasmid replicons were identified in 63 (72.4%) isolates, and the FIB, B/O, and K replicons were the most present. To the best of our knowledge, this is the first report of molecular characterization of antimicrobial resistance in APEC strains from China.
INTRDUCTION
Escherichia coli is a part of the normal microflora in the poultry intestine, but certain strains, such as those designated as avian pathogenic E. coli (APEC), spread into various internal organs and cause the systemic fatal disease colibacillosis, which is characterized by septicemia with multiple organ lesions, typically pericarditis, airsacculitis, perihepatitis, peritonitis, and other extraintestinal lesions (Oh et al., 2011) . APEC is considered a major cause of economic losses due to morbidity, mortality, and condemnation of poultry carcasses worldwide (Ewers et al., 2004; Ahmed and Shimamoto, 2013) . There are several virulence traits associated the extraintestinal pathogenesis of APEC, and the relevant virulence gene, such as iutA, hlyF, iss, iroN, and ompT, were carried by plasmids that are considered the most signifficantly associated with APEC strains (Johnson et al., 2008; Ahmed and Shimamoto, 2013) .
At present, antimicrobial therapy acts as an important tool to reduce both the incidence and the mortality associated with avian colibacillosis. However, resistance to existing antimicrobials is widespread and of great concern to poultry veterinarians (Hinton et al., 1986) . Many drug-resistant strains and drug resistance genes can be transferred and disseminated between animal and human pathogens, which not only increases the difficulty of treating animal diseases but is also a serious threat to human health (Collignon et al., 2005) .
Many studies have documented the presence of virulence genes and drug resistance genes in APEC strains (Bass et al., 1999; Oh et al., 2011; Ahmed and Shimamoto, 2013) . So far these have rarely been reported systematically in north China. Therefore, the objective of this study was to characterize the molecular bases of virulence and antimicrobial resistance in multidrugresistant APEC strains isolated from septicemic broilers in Hebei in north China.
MATERIALS AND METHODS

Isolation and Identification of Bacteria
Avian E. coli isolates were isolated from the liver, pericardial fluid, heart blood, and spleen collected from 132 septicaemic broilers at 7 to 43 d of age that died of colibacillosis or were culled by veterinarians at 63 large-scale farms in Baoding, Cangzhou, Hengshui, and Xingtai in Hebei Province, China. Sampling was performed randomly between February and July 2013.
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Pathological materials were collected under sterile conditions. Avian E. coli isolates were cross-inoculated in MacConkey medium (Tianhe Micro-organism Reagent Co. Ltd., Hangzhou, China), and single pink colonies were picked and purified on MacConkey medium. Only one positive sample per broiler was included in this study. In total, 87 E. coli isolates from 63 farms were identified via biochemical testing and were then used for testing.
Drug Susceptibility Test
Antimicrobial susceptibility tests were performed using the disc diffusion method, according to the standards and interpretive criteria described by the Clinical and Laboratory Standards Institute. The main process has been described previously . The following antimicrobials were used: amikacin (AMK), 30 μg; ampicillin (AMP), 30 μg; ciprofloxacin (CIP), 5 μg; cefradine (CRD), 30 μg; ceftriaxone (CRO), 30 μg; cefotaxime (CTX), 30 μg; gatifloxacin (GAT), 5 μg; gentamycin (GEN), 10 μg; kanamycin (KAN), 30 μg; levofloxacin (LOF), 5 μg; neomycin (NM), 30 μg; norfloxacin (NOR), 10 μg; ofloxacin (OFL), 5 μg; sulbactam/ampicillin 1:1 (SAM), 10 μg/10 μg; spectinomycin (SPE), 100 μg; and streptomycin (STR), 10 μg. The discs were purchased from Hangzhou Tianhe Microorganism Reagent Co. Ltd. (Hangzhou, China).
Screening of APEC Virulence Genes by Multiplex PCR
A pentaplex PCR assay targeting ffive virulence genes of APEC, iutA, hlyF, iss, iroN, and ompT, was carried out as previously described (Johnson et al., 2008; Ahmed and Shimamoto, 2013) . Primers used for pentaplex PCR are listed in Table 1 . 
PCR Screening for Antimicrobial Resistance Genes
The E.coli isolates were tested for TEM, SHV, CTX-M, OXA, and CMY β-lactamase-encoding genes by PCR using universal primers for the corresponding gene families, as described previously (Ahmed et al., 2007; Ahmed and Shimamoto, 2013) . The aminoglycosidemodifying enzymes (AME) strA, strB, aph(3 ) and ant(3 ) -Ia were used in multiplex PCR as described previously . PCR ampliffication was used for screening of plasmidmediated quinolone resistance (PMQR) genes qnrA, qnrB, and qnrS with speciffic primers, as described previously . All primers are listed in Table 1 .
PCR-based inc/rep Typing Method of Isolates
The necessity of tracing plasmids conferring drug resistance prompted us to develop an inc/rep PCR-based typing (PBRT) method. In this method, 18 pairs of primers (Carattoli et al., 2005) were designed to perform 5 multiplex and 3 simplex PCRs, recognizing the FIA, FIB, FIC, HI1, HI2, I1-Ig, L/M, N, P, W, T, A/C, K, B/O, X, Y, F, and FIIA replicons, which are representative of the major plasmid incompatibility groups circulating among the Enterobacteriaceae. Primers and methodology have been described previously (Carattoli et al., 2005) .
Sequencing and Sequence Analysis
PCR was used in a previously described method to screen all 87 isolates . The PCR products were sequenced by Beijing Sangon Co. Ltd. (Beijing, China). The DNA sequences obtained were compared to the information in the GenBank database of the BLAST network of the National Center for Biotechnology Information.
Biostatistics
Two-way frequency tables of source population (Baoding, Cangzhou, Hengshui, and Cangzhou) versus trait (plasmid replicon type) were generated to allow comparisons of the frequency of occurrence of the plasmid replicons across populations. Because there were a number of traits being assessed simultaneously in this study, a resampling-based multiplicity adjustment to the Fisher's exact test results was applied using the MULTTEST procedure in SAS.
RESULTS
Isolation and Identiffication of Multidrug-resistant APEC from Septicemic Broiler
We screened all 87 isolates from the affected broilers for each of the 5 genes associated APEC virulence traits. The results showed that 41 out of 87 nonrepetitive E.coli isolates from septicemic broilers carried 3 or more APEC virulence genes ( Table 2 ). The virulence genes were iroN (56 isolates, 64.4%), iutA (53 isolates, 60.9%), iss (37 isolates, 42.5%), hlyF (31 isolates, 35.6%), and ompT (5 isolates, 5.7%). Four isolates (4.6%) were positive for 5 genes, 10 isolates (11.5%) for 4 genes, 27 isolates (31.0%) for 3 genes, 14 isolates (16.1%) for 2 genes, and 13 isolates (14.9%) for one gene. In addition, 19 (21.8%) isolates carried none of the detected virulence traits.
Of the antimicrobial susceptibility tests, the results showed that all 87 (100%) APEC isolates showed resistance to more than 5 antimicrobial agents (Tables 2  and 3 ). The most commonly observed resistance phenotypes were against AMP, KAN, CIP, LOF, STR GEN, and OFL; all were higher than 93%. Moreover, the rate of resistance to SPE was the lowest (20 isolates, 23.0%), followed by NM (46 isolates, 56.9%) and AMK (47 isolates, 56.9%).
Detection and Identiffication of β-lactamase-encoding Genes in APEC
PCR and DNA sequencing identiffied β-lactamaseencoding genes in 66 (75.9%) APEC isolates (Tables 2 and 4 ). The β-lactamase-encoding genes include TEM-encoding genes, bla TEM (14 isolates); the CMY-encoding gene, bla CMY-2 (5 isolates); the OXA-encoding gene, bla OXA-30 (22 isolates); the CTX-M encoding gene, bla CTX-M-15 (61 isolates); and the SHV-encoding gene, bla SHV-2 (0 isolates).
Detection and Identiffication of Aminoglycoside-modifying Enzymes in APEC
AMEs were inferred to be present by demonstration of the corresponding gene. All 6 AME genes included in the multiplex PCR were present either singly or in combination (Tables 2 and 4 ). The results show that 65 isolates (74.7%) had AME genes, and frequencies of AME genes were 65.5% strB, 47.2% ant(3 )-Ia, 34.5% aac(6 )-Ib, and 9.2% aph(3 )-IIa. Negative result
Detection and Identiffication of Plasmid-mediated Quinolone Resistance Genes
We screened all 87 isolates from the affected flocks for each of the 4 genes associated with PMQR. Of the PMQR genes examined, qnrS (6.9%, 6 isolates) was the most frequently identified gene. In addition, none of the isolates carried the qnrA or qnrB gene (Tables 2 and 4 ).
Distribution of Replicons on Plasmids
The PBRT method consists of 5 different multiplex PCRs recognizing 3 different replicon types and 3 simplex PCRs for F, K, and B/O. Eighteen specific primer pairs were designed on the basis of the multiple comparative analysis of nucleotide sequence on the EMBL Gene Databank, for HI1, HI2, I1-Ig, X, L/M, N, FIA, FIB, W, Y, P, FIC, A/C, T, F repB , FII, K, and B/O replicons (Carattoli et al., 2005) . Table 5 shows the results obtained from these strains by the PBRT method; the plasmid replicons were identified in 63 (72.4%) isolates. The inc/rep typing detected the presence of FIB (26 isolates), B/O (26 isolates), K (20 isolates), I1-Ig (17 isolates), P (10 isolates), FIC (13 isolates), IncF repB (8 isolates), A/C (7 isolates), FIA (3 isolates), N (2 isolates), L/M (1 isolates), and T (1 isolate) in isolates of this collection; the presence of IncY, IncX, IncW, IncHI2, FII, and IncHI1 was zero. Twenty-four strains were negative for all the replicons tested.
No significant differences in plasmid replicon content were observed between APEC isolates from different places (Baoding, Cangzhou, Hengshui, and Cangzhou) in Hebei Province (Table 5) .
DISCUSSION
Virulence Genes
E. coli is a part of the normal microflora found in poultry intestines. However, certain strains, such as those designated as APEC, can spread into various internal organs and cause the systemic fatal disease colibacillosis (Oh et al., 2011) . APEC strains contain many virulence factors that enable their extraintestinal pathogenicity. These include production of adhesions, toxins, protections, siderophores, iron transport systems, and invasions (Dziva and Stevens, 2008; Ahmed and Shimamoto, 2013 ). The 5 essential virulence genes are iutA, hlyF, iss, iroN, and ompT, which are carried on plasmids and are considered good markers for APEC strains from avian fecal isolates (Johnson et al., 2008 ). In the current study, the virulence genes iroN, iutA, iss, hlyF, and ompT were detected in 64.4, 60.9, 42.5, 35.6, and 5.7% of isolates, respectively. The results obtained in our study were lower than those previously reported (Johnson et al., 2008 ; Ahmed and Shimamoto, Plasmid-mediated quiniolone qnrA 0 (0.0%) qnrB 0 (0.0%) qnrS 6 (6.9%) Total 6 (6.9%) 2013). In the United States, 85.4% of the APEC strains isolated from lesions of birds clinically diagnosed with colibacillosis were positive for at least one of these 5 genes, where iroN, iutA, iss, hlyF, and ompT were detected in 85.3, 80.7, 80.5, 78 .2, and 78.6% of isolates, respectively (Johnson et al., 2008) . In Egypt, 80.2% of the APEC strains isolated from septicemic broilers carried 3 or more of the APEC virulence genes iroN (73 isolates, 80.2%), ompT (73 isolates, 80.2%), iss (71 isolates, 80.2%), iutA (71 isolates, 78.0%), and hlyF (65 isolates, 71.4%) (Ahmed and Shimamoto, 2013) . However, Delicato et al. (2003) obtained a lower prevalence for iss from APEC isolated from poultry with colibacillosis in Brazil, with an incidence of 38.5%. Therefore, it can be concluded that the prevalence of the virulence genes may vary in different regions.
Resistance and Resistance Genes
Resistance to existing antimicrobials is widespread and of great concern (Hinton et al., 1986; Ahmed and Shimamoto, 2013; Zhang et al., 2014) . In this study, 100% of the tested APEC isolates showed multidrug resistance phenotypes, and 85.1% were resistant to 11 or more antimicrobial agents. Similar resistance phenotypes have been detected in APEC strains isolated from diseased chickens with colibacillosis in Korea (Kim et al., 2007) , the United States (Johnson et al., 2008) , the United Kingdom (Randall et al., 2010) , Australia (Obeng et al., 2011) , and more recently in APEC isolated from intensively farmed and free-range poultry in Egypt (Ahmed and Shimamoto, 2013) . Exposing the animals' bacterial flora to the antibiotics encourages the emergence of resistance across a wide range of antibiotics (Barbosa and Levy, 2000) . The cumulative effect on the traditional antimicrobials has been multidrug resistance (Szmolka and Nagy, 2013) .
Perhaps the most striking finding from this study was the widespread resistance to fluoroquinolones. Our results showed that 94.3% of the tested APEC isolates were resistant to ciprofloxacin and levofloxacin, and more than 77.0% were resistant to ofloxacin, norfloxacin, and gatifloxacin. In somewhat similar findings in China, it has been reported in a recent study of clinical E. coli isolates that greater than 70% of all isolates were resistant to ciprofloxacin (Yang et al., 2004) . Consequently, fluoroquinolones have become ineffective in veterinary medicine in China (Yang et al., 2004) . Similar findings were also reported for E. coli isolates in Spain, wherein 90% of chicken isolates were resistant to ciprofloxacin (Saenz et al., 2001) . In regards to resistance mechanisms, a notable high mutation in the quinolone resistance-determining region of gyrA has been found mainly in China (Yang et al., 2004; Xie et al., 2014) , while the plasmids carrying qnr genes appear to be rare (Robicsek et al., 2006; Xie et al., 2014) . In this study, the detected rates of qnrA, qnrB, and qnrS were 0.0, 0.0, and 6.9%, respectively, which also verifies this theory. Somewhat similar findings have been reported in a study of clinical E. coli isolates from humans that found positivity rates of qnrS, qnrB, and qnrA at 0, 2, and 2%, respectively (Robicsek et al., 2006) . Xie et al. (2014) reported the positivity rates of qnrS, qnrB, and qnrA were 8.11, 0.90, and 0%, respectively.
Differing from other types of tested antibiotics, resistance rates for the aminoglycosides show great variance. Resistance rates to kanamycin, streptomycin, and gentamycin are higher than 90%, whereas the resistance rate to spectinomycin is only 23.0%. The highly defined daily dose in recent years may be part of the reason. Kanamycin, streptomycin, and gentamycin are commonly used to clinically treat avian colibacillosis, while spectinomycin was rarely used in clinical veterinary medicine due to its high price. It is known that the inactivation of aminoglycoside drugs occurs mainly via plasmid or chromosome-encoded modifying enzymes (AMEs). The AMEs are a diverse set of proteins consisting of three families, aminoglycoside acetyltransferase (aac), aminoglycoside nucleotide transferase (ant), and aminoglycoside phosphoric transferase (aph) (Shaw et al., 1993; Ramirez and Tolmasky, 2010) , which eliminate the synergistic bactericidal effect between the cell wall-active agents (Kondo and Hotta, 1999) . In this study, most of the resistant isolates harbored modifying enzyme genes. Moreover, two genes, strB and ant(3 )-Ia, were the most frequently observed resistance genes in these isolates. These results were similar to observations in other studies in China , as well as studies in other countries (Kim et al., 2007; Green et al., 2011; Goncalves et al., 2013) .
Penicillin derivatives (β-lactams) are broad-spectrum antibacterial agents widely used in human and veterinary medicine (Hasman et al., 2005; Ahmed and Shimamoto, 2013) . The resistance to β-lactams in gram-negative bacteria is primarily mediated by β-lactamases. Many types of β-lactamases have been described. However TEM-, SHV-, OXA-, CMY-, and CTX-M-type β-lactamases are the most common in gram-negative bacteria (Hasman et al., 2005; Ahmed and Shimamoto, 2013) . In this study, all groups of β-lactamases were identified, including bla TEM-1 , bla CMY-2 , bla , bla CTX-M-15 and bla SHV-2 , and the detection rate was 75.9%. Similar findings have been reported in the APEC strains isolated from avian colibacillosis in Africa, wherein 94.5% of all the isolates were positive for β-lactamase-encoding genes, and bla TEM-1 , bla CMY-2 , bla OXA-30 , bla CTX-M-15 , and bla SHV-2 were also detected (Ahmed and Shimamoto, 2013) . Furthermore, bla TEM was detected in Korea, Spain, Australia, and the United Kingdom (Ahmed and Shimamoto, 2013; Wagner et al., 2014) . Also detected in the United Kingdom were bla OXA and bla CTX (Randall et al., 2010) . In Australia, bla SHV was identified in the APEC strains isolated from poultry (Obeng et al., 2011) .
The coexistence of 2 or more multidrug resistance genes and virulence-associated genes was common in the APEC of this study. In a recent study by Wang et al. (2014) , these findings were confirmed. Wang et al. (2014) reported that the sequence of an APEC strain harbored more than 10 antibiotic resistance genes on 2 plasmids, which concurrently carry several transferrelated elements, thereby facilitating horizontal transfers. Overall, the results of our study confirm that APEC is a cause for concern, as there are obvious limited therapeutic options available for antimicrobial therapy in poultry production.
Plasmid Replicons
The epidemiological importance of tracing the plasmids conferring drug resistance prompted us to develop a PCR method based on the replicons (inc/rep PCR) of the major plasmid incompatibility groups among Enterobacteriaceae (Carattoli et al., 2005) . This method could be used to monitor the circulation of plasmids within strains from different environments or to follow the horizontal transmissions of antimicrobial resistance genes among the Enterobacteriaceae (Carattoli et al., 2005) . Research studies have shown the diffusion of the prevalent plasmids is in association with the specific resistance gene (Hopkins et al., 2006; Ruiz del Castillo et al., 2013; Wagner et al., 2014) . Similarly, a recent study has identified IncFIB, IncFrep, and IncI1 as common replicon types (Johnson et al., 2007) . IncFII and IncI1 plasmids are two of a number of plasmid types that are particularly successful in their ability to spread multidrug resistance (Carattoli, 2011) . In our study, we found that both IncFIB and IncB/O (29.9%), followed by IncK (23.0%) and IncI1 (17, 19.5%), were the most prevalent plasmid replicon types in E. coli. This may be the reason for the high multidrug-resistant APEC in the APEC researched. In the study, the plasmid profiles of APEC from different places in Hebei showed no significant differences. The main reason is that the four regions are geographically adjacent to each other and have significant interregion contact.
In summary, our current study characterized the genetic basis of virulence and antimicrobial resistance in the APEC strains isolated from septicemic broilers in China. The various classes of the resistance genes were identified, and inc/rep PCR was reported in APEC strains. It is important to monitor the occurrence of resistance genes in APEC. It should be emphasized that there is a need to ban the nontherapeutic use of antibiotics, discourage their misuse, and maintain constant vigilance by providing appropriate scientific and technological support for the poultry industry in this region.
